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INFLUENCE OF MAGNETIC FIELDS ON THE VOLTAMMETRIC RESPONSE OF 
MLCROELECTRODES IN HIGHLY CONCENTRATED ORGANIC REDOX 
SOLUTIONS 

Jeonghee Lee,   Xiaoping Gao,  Laurie D. A. Hardy,   and Henry S. White* 
Department of Chemistry, University of Utah, Salt Lake City, UT 84412 

Abstract. The voltammetric response of Au and Pt microdisk electrodes (6.4, 12.5, and 

25 |im) in concentrated solutions of organic redox species (nitrobenzene, acetophenone 

and benzophenone) has been measured as a function of the orientation and magnitude of an 

externally applied magnetic field (0 - 1 Tesla). A magnetic field effect on voltammetric 

currents is observed for redox concentrations greater than -0.01 M, and is a strong 

function of the orientation of the field. Large enhancements (+100%) or diminishments 

(-15%) of limiting currents can be induced by application of the magnetic field. The 

observed phenomena are discussed in terms of magnetic field-induced transport of 

electrogenerated products. 
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Introduction. We report preliminary applications of microelectrode techniques for 

investigating the effects of an external magnetic field on electrochemical phenomena. 

Previous investigations of magnetic field effects in electrochemistry have focused on 

observations of field-induced convective flow, described by magnetohydrodynamic 

(MHD) theory.1-3 MHD effects are sufficiently large when employing electrodes of 

conventional size (e.g., -0.1 cm2) that they appear likely to mask all other potentially 

interesting phenomena, e.g., the dependence of rates of coupled homogenous reactions on 

the external field. The use of electrodes having characteristic dimensions on the order of 

micrometers or less (i.e., microelectrodes or ultramicroelectrodes) appears to offer several 

interesting and potentially significant advantages in studying magnetic field effects. First, 

because of the greatly reduced dimensions of the depletion layer surrounding the 

microelectrode, the effects of convective fluid flow (either density driven or magnetic field 

driven) is significantly reduced. Consequently, it is much more likely that other magnetic 

field-related phenomena can be observed. Second, since the magnetic force, F, that 

induces MHD convective flow is equal to the cross-product of the current and magnetic 

field vectors, i.e., F = i x B, the large reduction in the faradaic current (/) associated 

with measurements using microelectrodes should also result in an additional reduction in 

obscuring effects of convective flow. In addition, because of the convergent flux of 

redox species to a microelectrode, the observed current is approximately proportional to 

the electrode dimensions (e.g., radius of a microdisk).4 Thus, by varying the electrode 

size, it is possible to study magnetic effects over a wide range of current magnitudes. 

Third, the effect of the magnetic field on ion transport is strongly coupled to electric fields 

engendered by the diffusional fluxes of charged species. In prior investigations of MHD 

phenomena in electrochemistry, the coupling of the electric and magnetic field on transport 

phenomena5 has generally been ignored, even though the majority of these studies have 

been performed in solutions which do not contain an excess quantity of supporting 

electrolyte.   However,   during the past decade,   it has been established that quantitative 



electrochemical investigations can be performed using microelectrodes in solutions 

containing very low concentrations of supporting electrolyte.6 Thus, microelectrode 

techniques should allow quantitative investigations of coupled magnetic and electric field 

effects. Fourth, quantitative electrochemical investigations of solutions containing high 

concentrations of redox-active species are possible using microelectrodes, including 

measurements in the absence of an inert solvent.7 It is thus possible to explore magnetic- 

field phenomena over a wide range of solution conditions that are inaccessible using 

electrodes of macroscopic dimensions. Finally, microelectrode techniques may offer a 

number of advantages in experimental design for studying magnetic field effects. For 

instance, in spite of the expected dependence of the force of the orientation between i and 

B, only a very few studies have investigated this relationship.8'9 We show below that 

microelectrode techniques allow the angular dependency to be measured with relative ease. 

In preliminary experiments, we have investigated the electrochemical reductions of 

several organic species (e.g., nitrobenzene, NB) using Pt and Au microdisk electrodes. 

Since the organic reactants in our studies are uncharged and diamagnetic, the molecular 

transport of these species is not anticipated to be directly influenced by an external magnetic 

field. However, we observed large enhancement or diminishment of faradaic currents 

associated with the reduction of these compounds, the magnitude and direction of the 

effect dependent upon the redox concentration and the orientation of the field with respect 

to the electrode surface. The results suggest that microelectrode techniques may be very 

useful for quantitative investigations of magnetic-field effects in electrochemistry. 

Experimental. Au (6.4 |im radius) and Pt (12.5 and 25 |i.m radius) microdisk 

electrodes were constructed by sealing Au or Pt wire in glass tube. Electrodes were 

polished using 0.1 \±m AI2O3, rinsed with H2O, and sonicated in H2O for ~2 minutes to 

remove polishing debris. Tetrabutylammonium hexafluorophosphate (TBAPFö) was 

recrystallized and dried.   All other chemicals were used as received. 



A GMW Associates Model 5403 electromagnet was used to apply a uniform 

magnetic filed across the electrochemical cell, Fig. 1. A three-electrode cell (Ag/AgxO 

quasi-reference electrode, Pt wire counter electrode, and Au or Pt microelectrode) was 

placed between the poles (7.6 cm diameter, ~ 2 cm gap) of the electromagnet. The field 

strength was adjusted between 0 and 1 Tesla (T) by varying the current through the 

electromagnet. Field strengths were measured using a gauss meter (F.W. Bell, Model 

4048). In order to study the dependence of the orientation of the field with respect to the 

electrode surface, microelectrodes were constructed with a 90° bend in the glass tubing, 

such that rotation of the electrode in the cell resulted in a change in the angle 9 between the 

field, B, and the electrode surface normal, n (Fig. 1). 

Results and Discussion. Fig. 2 shows the voltammetric response (20 mV/s) of a 25 

|im radius-Pt disk electrode in an acetonitrile solution containing 1 M NB and 0.1 M 

(TBAPFö). The set of curves corresponds to applied magnetic fields (0 = 90 °) of 0.0, 

0.2, 0.4, 0.6, and 0.8 Tesla (T). The sigmoidal-shaped voltammogram results from the 1- 

e" reduction of NB to the corresponding radical anion (NB + e" —> NB-). For this 

reaction, as well as for the 1-e" reductions of acetophenone and benzophenone, the 

limiting current (ii;m) is enhanced by application of a magnetic field at 0 = 90°, while the 

current on the rising part of the wave is relatively insensitive to the external field. The 

relative enhancement of inm at 0 = 90° is shown in the inset of Fig. 2 as a plot of (iß - i0)/io 

vs IBI, where i0 and iß are the measured limiting currents (ium) in the absence and 

presence of the field. The observed hysteresis on the rising part of the voltammetric 

wave is due to slow transient migration of charge-balancing counterions from the bulk 

solution to the depletion layer. This hysteresis is frequently apparent in slow-scan 

voltammograms obtained in highly concentrated redox solutions8, and is not a function of 

the magnetic field. 



Fig. 3 shows the dependence of inm for NB reduction on the angle 6 at a constant 

magnetic strength of 0.7 Tesla. Maxima in (iß - i0)/io are observed at 9 = 90 and 270° 

(i.e., the surface normal n is perpendicular to B) which correspond to an -100% 

increase in inm. Conversely, the limiting current is suppressed by -15% at 0 = 0 and 180°» 

producing minima in (iß - i0)/io at these angles. We find that the angular dependence 

follows the relationship: (iß - i0)/io ~ oclsinOI - ß, where the values of a and ß are 

dependent on redox concentration, electrode radius, and electrolyte concentration. A 

similar functional dependence of iijm on 9 is observed for acetophenone and benzophenone 

reductions at microdisk electrodes. 

At 9 = 90°> an enhancement of the limiting current is observed for NB 

concentrations (CNB) > 0.01 M (for IBI - 1 T). Below CNB = 0.01M, the enhancement 

is less that 1%. We find that the largest field-dependent enhancement (or diminishment) 

in current occurs at CNB ~ 2M. When CNB is increased above 2M, (iß - i0)/i0 rapidly 

decreases again. The maximum field-induced enhancements for acetophenone and 

benzophenone reduction also occur at intermediate redox concentrations. In previous 

investigations, we have shown that iüm for NB reduction at 12.5 (im Pt disks increases 

with increasing concentration up to CNB ~ 2M.10 Above this value, the current 

decreases with increasing NB concentration for reasons that are not understood. Thus, the 

dependence of (iß - i0)/io on CNB parallels that of i0 on CNB, indicating that the magnetic 

effect is roughly proportional to the current. We have also investigated the dependence of 

the field-induced enhancement on the electrode radius using Au (radius r0 = 6.4 |im) and Pt 

(12.5 and 25 |im) disks. For NB, benzophenone, and acetophenone, we observe that (iß 

- i0)/io scales with absolute current, rather than the current density (the latter increases by 

~4 times as the electrode radius is decreased from 25 to 6.4 |J.m). 

In order to understand the origin of the magnetic field effect, we first note that the 

limiting current for the reduction of a neutral species at a microdisk electrode is given by 

eq. (1),  independent of the electrolyte concentration.11 



ilim = 4nFDC*r0 (1) 

Here, n = the number of electrons transferred per molecule (n = 1 for NB), F is 

Faraday's constant, D is the diffusion coefficient for the redox species, C* is the bulk 

concentration, and r0 is the electrode radius. Since the redox molecules we have 

examined are neutral and diamagnetic, there should be no direct effect of the magnetic 

field on the transport of these species to the electrode surface. Therefore, we attribute 

the magnetic effect to the interaction of the current-carrying ions with the magnetic field. 

Our experiments suggest that this interaction must indirectly effect the diffusional flux of 

NB to the surface. For the steady-state conditions reported in Fig. 2, the current is carried 

by the coupled diffusion/migration of the electrogenerated radical anion, NB-, in a nearly 

radial direction from the surface.6-12 In addition to this consideration, it is important to 

note that electroneutrality in the depletion layer is maintained by transient migration of the 

electrolyte cation TBA+ towards the electrode (at steady-state, the flux of TBA+ is zero). 

Since the bulk solution concentration of NB is much larger that of TBAPFö in our 

experiments, there will be a large increase in the total ion concentration within the depletion 

layer, relative to that in the bulk. For example, in solutions containing 2M NB and 

0.1 M TBAPF6, the surface concentration of ions is -4M (= CNB" + CTBA+) at potentials 

corresponding to the limiting current plateau, which is ~20x larger than the bulk ion 

concentration (CTBA+ + CpF6- = 0-2 M ). Thus, as previously discussed in detail,7 it 

is reasonable to assume that the increased ion concentration in the depletion layer results in 

an increase in the solution viscosity near the surface. 

When a magnetic field is applied, the force acting on the charge carriers 

(F = i xB) will alter the nearly radially-outward flux of NB-. For a microdisk, the net 

current vector,  inel, is normal to the electrode surface, even though the current carrying 

ions are transported radially outward . Thus, when the electrode is oriented at 90 or 270° 

with respect to B, the field will tend to increase the flux of NB" in the direction parallel to 

the electrode surface (see lower half of Fig. 3, and note that, by convention, the current 



vector for an electrochemical reduction is directed towards the electrode surface). At 90°, 

there will be a downward force on the current carrying ions (i.e., in the direction of the 

gravitational field). Conversely, when the direction of the field is 270°, there will be an 

upward acting force on the ions. In either case, the field-driven flux is expected to reduce 

the concentration of product anions and charge balancing cations within the depletion layer, 

resulting in a decrease in the near surface solution viscosity. The expected result of this 

effect is an increase in the diffusional transport of NB to the surface. We observe that the 

maxima in (iß-io)/io at 90 and 270° have nearly identical magnitudes, indicating that 

density-driven convective flow is insignificant relative to the effect of the magnetic field. 

At 0 and 180°, (iß-io)/io is negative indicating that the magnetic force induces a 

diminishment of the current. Based on the above arguments, the net force acting on the 

current-carrying ions is zero since / and B are parallel. However, because the flux is 

radially outward, there will be a torsional force acting on each ion, resulting in a 

cyclotron-like motion of the ions as they are transported away from the surface (Fig. 3). 

Because of this motion, the residence time of the ions near the surface will increase, 

thereby resulting in an increase in the near surface solution viscosity and a concurrent 

decrease in the faradaic current. 

Although the above arguments are supported by the experimental data, it is not 

possible to eliminate the possibility that the observed phenomena is due to the onset of 

magnetic-field-induced fluid convection, as frequently observed with macroscopic 

electrodes. However, the diminishment of the current at 9 = 0° and 180° is not consistent 

with convective flow, which would be expected to increase the rate of transport of NB to 

the surface (similar to the expected effects of rotating the electrode). In addition, it has 

been experimentally observed that the magnetic-field enhancement at macroscopic 

electrodes is proportional to J31/3C*4/3, in agreement with predictions from classical MHD 

theory.   We observe that the field-induced enhancement is nearly linearly proportional to 



B at low fields, and that the enhancement is largest at intermediate concentrations. 

Neither of these observations are consistent with MHD-based theory of convective flow.1-2 

Because of the divergent outward flux of the product ions, the magnetic force 

within the depletion layer is nonuniform, decreasing with distance away from the electrode 

surface. An estimate of the magnetic force at the surface can be obtained from the 

relationship F = i xB.   Using B = 0.7 Tesla,   inet ~ 20 \±A (in the absence of the field, 

Fig. 2), and 8 = 90°,     we compute the magnetic force per unit length at the electrode 

surface to be 1.4 x 10"5 N/m. 

In concluding, we note that it is possible to perform quantitative voltammetric 

measurements with microelectrodes having radii on the dimensions of nanometers13-14 (3 

orders of magnitude less than the size of the electrodes employed in the current study). 

We anticipate that fluid convection can be entirely eliminated using electrodes of such 

dimensions. Future work in this area may greatly expand the application of 

electroanalytical methods in investigations of magnetic-field phenomena in chemistry. 
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Figures. 

1. Experimental set-up for measuring voltammetric response of a microelectrode as a 

function of magnetic field strength and orientation. The angel 0 is defined by the 

surface normal (n) and the field B. 

2. Voltammetric response of 25 |im-radius Pt disk electrode as a function of magnetic field 

(0 = 90°). [NB] = IM, [TBAPF6] = 0.1 M. Scan rate = 20 mV/s. Inset shows 

the dependence of the normalized current enhancement (iß - io)/io on the magnetic field, 

iß is the measured limiting current with an applied magnetic field; i0 is the limiting 

current in the absence of the field. 

3. (Top) Dependence of steady-state limiting current for NB reduction on the orientation 

of the electrode (25 |im-radius Pt electrode) with respect to magnetic field (see Fig. 1 

for definition of 0). Magnetic field = 0.7 Tesla. Concentrations of redox species 

and electrolyte: [NB] = IM and [TBAPFö] = 0.1 M. (Bottom) Schematic diagram of 

the top view of the cell showing the electrode orientation relative to the magnetic field. 

Positive current (carried by the radial-outward flux of electrogenerated anions) is 

shown as dashed lines pointed inwards towards the electrode surface. The magnetic 

force, F, is oriented downward (along the direction of the gravitational field) at 

90° and upward at 270°. At 0° and 180°, there is a torsional force on the radially- 

outward diffusing and migration of electrogenerated anions, resulting in a cyclotron- 

like motion. In all cases, the net current vector (inet, not shown) is normal to the 

electrode surface. 



<_/ 

B 

e 
I* n 

p^ i 



V vs. Ag/AgxO 
-2.5 -1.5 

0 0.2        0.4        0.6        0.8 

Magnetic Field (Tesla) 

0T      

0.2 T 

0.4 T 

0.6 T 

0.8 T 

-0.5 

5juA 

^ ?- 



—I© 

I 

360° 

7 V N 

B 

ip\ 0° f 

-^»)     90°      270° Ji)-~ 
.' ,180°    F       ^ 

/ \ 

^- ^ 



JSMA 

I ljiA 

(b) V    — 

)        ( 200 |im 

I ljiA 

v    — 

-0.8      -0.6      -0.4 0.0 0.4     0.6 

Voltage (V) 

) ( 10 am 

fi$ 1° 



QJ 

OX) 
o 

11.0   — 

10.0 

9.0 
0.0 0.5 1.0 1.5 2.0 

V|, Volts 

% * 


